Abstract-A method to compute antenna from a single frequency current distribution is applied to the optimization of multiband radiating structures. A genetic algorithm produces suboptimal structures in the sense of simultaneous multiband minimum . These structures model in a simplified manner common wireless communication devices. The comparison to the physical bounds for the considered situations shows that the suboptimal structures perform close to their limitations. Matching networks are designed using real component models with a commercial tool. These networks have less than three components and provide less than 6.5 dB reflection coefficient magnitude in all considered bands. The results show that the single-frequency estimation method may be useful for antenna design.
I. INTRODUCTION
A METHOD to compute antenna from a single frequency current excited on a radiating structure is presented in [1] and [2] ; see also [3] . This method is based on stored electric and magnetic energy [4] , [5] and radiated power expressions in terms of the current. The estimation method is applied in a genetic algorithm and method of moments (GA/MoM) [6] , [7] scheme to optimize antenna and resonance at single frequencies in [8] .
Here, we apply the above introduced method to the multiband optimization of rectangular radiating structures with rectangular ground planes. Such structures model in a simplified manner common wireless communication terminals. An improved version of the genetic algorithm produces structures that are less prone to unpredictable behavior due to genetic characteristics such as isolated single-mesh-element metallic patches. The optimized structure input impedance is computed using the commercial electromagnetic solver ESI-CEM [9] . This result is used in the software tool BetaMatch [10] to design a matching network for all considered bands. The results show that the estimation method from the energy stored in excited fields and radiated power may be useful for the design process of radiating structures. The comparison to the physical bounds for structures with a rectangular ground plane [2] shows that the optimized structures perform close to their physical limitations. Such a comparison can be used to stop an optimization process or assess the realizability of design specifications.
This letter is organized as follows. The results of the theory presented in [1] , [2] , and [8] are included in Section II. The multiband antenna objective function for optimization is introduced in Section III. The setup used for obtaining the results of Section IV is described in Section IV-A. Structures optimized using the GA/MoM scheme and their performance are presented in Section IV-B. The letter ends with conclusions in Section V.
II. ANTENNA AND STORED ENERGIES
The quality factor of a lossless, resonant or nonresonant, antenna is defined as [11] (1) where is the angular frequency, and are respectively the electric and magnetic energies stored in the fields excited by the antenna, and is the power radiated by the antenna. This definition is equivalent to that in [12] for resonant antennas.
We consider infinitely thin lossless perfectly electrically conducting (PEC) structures in vacuum on which surface current densities may be excited. Such currents are approximated using a set of basis functions as (2) where is the position vector and is a matrix of complex expansion coefficients. These coefficients are used to approximate the stored electric and magnetic energies and radiated power in (1) as (3) (4) and (5) 1536-1225 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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where and are the free-space permeability and impedance, respectively, and are the electric and magnetic reactance matrices, and is the radiation resistance matrix. These matrices have been introduced in [1] and [2] ; see also [3] . Quadratic forms similar to those in (5) have been employed for antenna array optimization in free space [13] . Replacing (3)- (5) in (1), we obtain (6) The expansion coefficients in (2) can be computed using an electromagnetic solver, e.g., ESI-CEM [9] or any other commercial solver. An electric field integral equation (EFIE)-based MoM solver is straightforwardly customizable for the computation of the matrices , , and , [1] , [2] , [8] . This customization does not add a significant computational overhead to the original EFIE impedance matrix, , computation [13] - [15] . Furthermore, the previously mentioned four matrices are readily suitable for GA/MoM [6] optimization.
III. MULTIBAND ANTENNAS
Many handheld mobile terminals support communication standards that operate in different frequency bands. One solution to accommodate this multiband requirement is to use antennas that perform acceptably well in all frequency bands needed for communication. In addition to multiband antennas, matching networks are usually used to connect antennas to transceiver chains. These matching networks improve the intrinsic power transfer capability between transceiver and antenna and mitigate some effects of the changing communication environment on antenna performance.
We optimize the structures for minimum at the center frequency of each band of interest. The optimized structures are then simulated using the commercial solver ESI-CEM [9] . The input impedance obtained from the commercial solver is used in BetaMatch [10] to optimize a matching network for multiband operation. The results show that the stored energies (3) and (4) may be useful for automating part of the design process of mobile terminal antennas.
The GA/MoM procedure [6] , [7] , [16] is used to obtain suboptimal structures in the sense of multiband operation. An in-house genetic algorithm [8] searches the rows and columns of an impedance matrix that minimize the objective function (7) where is the quality factor (6) at the center frequency of band , is the quality factor required for the antenna to meet the specifications in band , is the total number of frequency bands where the structure should operate, and and are weights associated with the maximum and sum of the normalized -factors for each band. Equation (7) is an example as different optimization criteria lead to different objective functions.
IV. RESULTS

A. Simulation Setup
Mobile terminals may be modeled, in a simplified manner, as rectangular regions. We consider, for further simplification, infinitely thin PEC radiating structures limited to a rectangular region with the length cm and width cm. A small, rectangular part of this region, the "antenna region," is dedicated to a structure fed by the transmitter(s); see Fig. 1 . The structure in the antenna region is not necessarily rectangular. Here, this structure is obtained through a process of GA/MoM optimization [6] . The remaining rectangular, usually larger, part of the region is considered entirely metallic and fixed. This part acts as a ground plane for the structure in the antenna region, contributing to the radiation of the structure. We refer to this part as the "ground plane" in the following.
The "mother" structure [6] , [7] for the simplified situation above is a metallic, rectangular region of the same dimensions and . This structure represents the maximum extent PEC metal may have in the radiating device. The mother structure is divided into by rectangular mesh elements in the -and -directions, respectively. Note that in this particular case the mesh elements are square. This discretization is used both in the MoM impedance matrix computation and in the genetic optimization.
An in-house EFIE based electromagnetic solver is used to compute the matrices , , , and for the mother structure. This solver uses Galerkin testing [14] with rooftop basis and testing functions. These functions are defined on pairs of adjacent mesh elements, i.e., elements sharing a common edge, [17] . Their amplitudes are linearly increasing toward the common edge. Their directions are perpendicular to the common edge, pointing from the first to the second mesh element (considering a fixed mesh element numbering rule). The four matrices mentioned above are square with rows. Three frequency bands have been chosen to illustrate the computation procedure. These bands are 699-746, 880-960, and 1710-1990 MHz. The electrical sizes of the structure for the center frequencies are , 2.5, and 5.04. The mother matrices , , , and are computed using the in-house solver described above for the center frequency of each band, indexed by . A block matrix decomposition [6] is performed on each of the 12 mother matrices introduced in the previous paragraph. Denote one of these mother matrices. Each element of this matrix corresponds to a pair of basis and test functions. Considering a borderline between a metallic ground plane and an antenna region (e.g., the line along which is located in Fig. 1 ), we write (8) The elements of with the corresponding basis and test functions entirely in the antenna region or across the borderline are grouped into the first block, . The elements with basis and test functions entirely in the ground plane are grouped into the block . The last two blocks have basis functions in the antenna region/across the border (ground plane) and test functions in the ground plane (antenna region/across the border), ( ). The natural overlapping of the rooftop function domains of definition allows the existence of closed loops of metal ground-antenna region-ground.
The sizes of the matrices manipulated during optimization reduce using block matrix decomposition. The EFIE MoM system of equations is written for each frequency (9) where and are the blocks of basis function coefficients that define the current flowing on the antenna region and ground plane, respectively; is a matrix that models the feeding of the structure, e.g., a voltage gap; and the frequency band index has been omitted. Considering the structure fed only in the antenna region, the current is (10) The quadratic forms in (3)- (5) take the form (11) where . The block matrix decomposition is applied to the original mother matrices prior to the optimization procedure. The optimization algorithm searches the rows and columns of the matrices in parentheses in (10) and (11) that minimize the objective function (7). These latter matrices may be considered "mother" matrices for the optimization process. Their size is given by the size and shape of the antenna region. For example, in the case of a rectangular antenna region occupying 20% of the entire structure area as in Fig. 1 , the size of the matrices in parentheses is 2856 2856.
An in-house genetic algorithm [8] is used to optimize the structures. This algorithm uses a population of 200 individuals, out of which 80 are randomly chosen for tournament selection. The two-point crossover probability is 0.8. A maximum of six genes at once are mutated with a probability of 20% if improvement of the objective function occurs within 100 iterations. After 100 iterations without improvement, up to 10 genes at once are mutated with 100% probability. The algorithm stops if the objective function does not improve during 50 generations, i.e., 10 iterations.
The genetic algorithm is neither an exhaustive search of the optimum solution nor an exhaustive evaluation of the characteristics of a suboptimal solution. This algorithm uses genetic principles to drive an initially random population toward a suboptimal solution avoiding to some extent local extrema. Genetic principles allow the appearance of unwanted characteristics of offspring ("malformations"). For instance, there may appear isolated single-mesh-element metallic patches or double 90 metallic bends diagonally interconnected (i.e., corner connections). Such characteristics might have unpredictable effects on the manufactured structure performance. This is why such traits are specially "purged" after each offspring generation.
The objective function (7) minimized by the GA is (12) The values 16, 12, and 7 are computed for less than 6 dB reflection coefficient magnitude at the antenna input in all frequency bands [11] . The solutions obtained through optimization are simulated using the commercial solver ESI-CEM [9] . The input impedance computed by this solver is used in BetaMatch [10] to design a matching network. Models of large surface-mount devices (SMDs) have been employed for matching. However, not all optimized structures could be matched in all bands with realistic component models. In these situations, matching with ideal components has been attempted.
The -factors of the optimized structures are compared to the physical bounds [1] , [2] for rectangular structures with a fixed rectangular ground plane. Here, we maximize the -directivity antenna ( ) quotient to derive the physical bound for the -factor. For illustration purpose, the -factors are also compared to the physical bound [18] , [19] for structures limited to rectangular regions. This latter bound is derived assuming the structures are electrically small, , radiating as an electric dipole with directivity approximately 1.5. Such comparisons to physical bounds may be used as stopping criteria for optimization algorithms applied to electrically small structures. For electrically large structures, the physical bounds on [1] , [2] , [18] , [19] are less useful as the is very small and the antennas do not radiate mainly in the -direction.
B. Simple Phone Model
The structures optimized for multiband operation are exemplified in Fig. 1 . Three sizes of the antenna region have been imposed: 20%, 15%, and 10% of the entire structure area at one end in the -direction. The feed has been placed at three fixed positions, all on the borderline between the ground plane and antenna region. These positions are the side, middle, and halfway between side and middle in the -direction, i.e., , 16.8, and 32 mm, respectively. The optimization algorithm has been run five times for each of the nine resulting combinations of antenna region size and feed position. The optimized antenna regions of the structures with the smallest objective function (12) Fig. 3 .
-factors (6) of the structures with antenna regions depicted in Fig. 2 , middle column (top row " ," middle row " ," and bottom row " ") compared to the physical bounds [1] , [2] for rectangular structures with antenna regions 20%, 15%, and respectively 10% of the entire structure as in Fig. 1 . The physical bound for structures limited to entire rectangular regions [18] is depicted in solid line (100%). The frequency scale for an cm structure is included. per combination of antenna region size and feed position are depicted in Fig. 2 . The -factors (6) of the optimized structures depicted in Fig. 2 , middle column, are compared to the physical bounds [1] , [2] , [18] , [19] in Fig. 3 for electrical dimensions commonly accepted as small. These structures have the smallest objective function (7) compared to structures with the same size but different feeding positions. Simple matching networks are designed for the structures in Fig. 2 , middle column, using real component models in BetaMatch [10] . These networks, depicted in Fig. 4 , allow matching to less than 6.5 dB reflection coefficient magnitude throughout all frequency bands.
V. CONCLUSION
A method of computing antenna from a single frequency current distribution [1] , [2] , [4] is used in a GA/MoM [6] scheme to optimize rectangular radiating structures for simultaneous multiple-band minimum . A significant part of these structures is a fixed metallic ground plane such that these structures model common wireless communication devices in a simplified manner. The optimized antenna -factors have been compared to the physical bounds corresponding to the analyzed situations. This comparison shows that the suboptimal solutions perform close to the physical bounds. The optimized structures have been simulated in the commercial solver ESI-CEM [9] . The resulting input impedance data has been used in BetaMatch [10] to design matching networks for the structures. These networks, designed with real component models, have less than three components and yield better than 6.5 dB matching in all considered bands.
The results presented in this letter suggest that the single-frequency energy expressions (3)-(5) may be useful for the design of antennas. The physical bounds described in [1] - [3] can be used to assess the feasibility of some designs.
